Chromosomal DNA was isolated from rapidly dividing cells of Xenopus laevis embryos at blastulation, at gastrulation, and at the beginning of hatching. Few, if any, replication forks were seen by electron microscopy in DNA isolated at any stage of embryogenesis. Instead, unbranched DNA, which appeared to be single-stranded, was abundant at all stages. The percentage of chromosomal DNA that was single-stranded was quantitated by electron microscopy and by monitoring the release of acid-soluble radioactivity during digestion of labeled chromosomal DNA with nucleases specific for single-stranded DNA. The amount of single-stranded DNA was inversely correlated with the length of S phase during embryogenesis. We postulate that chromosomal DNA replication in X. Ievis embryos takes place by a mechanism in which strand separation is uncoupled from DNA synthesis.
Conventional semidiscontinuous, bidirectional mechanisms of chromosomal DNA replication (refs. 1-5; figure 5-38 ofref. 6 ) explicitly predict that the highest frequency of replication forks will be found in chromosomal DNA isolated from the most rapidly dividing cells. Such replication forks have been observed and extensively characterized in prokaryotes (7) , lower eukaryotes (8, 9) , and Dipterans (2, 10-13). However, replication forks have been reported only infrequently in DNA isolated from higher eukaryotes (e.g., enterocoelomates) (14) (15) (16) (17) . In addition, replication forks are much less abundant than extensive regions of stably denatured or single-stranded DNA (ss DNA) in molecules isolated from rapidly dividing cells of higher eukaryotes (reviewed in 18 and 19). It has been suggested that the frequently observed ss DNA is an artifact generated by the procedures used to isolate the DNA (18, 20, 21) . Alternatively, we have proposed that extensive single-stranded regions of parental DNA are key intermediates in normal chromosomal DNA replication in rapidly dividing cells (19) . We have further speculated that chromosomal DNA replication in enterocoelomate embryos may not involve replication forks at all (19) .
To test these hypotheses, chromosomal DNA was isolated from cells of Xenopus laevis embryos with dramatically different lengths of S phase. The isolated DNA was analyzed by quantitative electron microscopy and by digestion with nucleases specific for single-stranded DNA. No replication forks were observed in chromosomal DNA isolated from embryonic cells with the shortest S phase. In addition, abundant single-stranded regions were found specifically in DNA isolated from cells with the shortest S phase (i.e., during the time of most rapid chromosomal DNA replication during X. laevis embryogenesis).
MATERIALS AND METHODS
Frogs. Adult X. laevis were acquired from Xenopus I (Ann Arbor, MI). Eggs were obtained and fertilized in vitro as described (22) . Embryos were allowed to develop at 220C in dechlorinated water until they reached the blastula (stage 7), gastrula (stage 11), or hatched embryo (stage 34/35) stages of Nieuwkoop and Faber (23) .
DNA Isolation. Dejellied embryos were gently homogenized in a loose-fitting glass/Teflon hand homogenizer in 0.5% citric acid (24) , spermine was added to 1.5 mM (25) , and the homogenate was centrifuged at 1000 x g. The pellet, which contained the nuclei, was sequentially washed with 100 mM KCl/1.5 mM spermine; 50 mM Tris HCl, pH 8.0/1.5 mM spermine; and 10 mM Tris HCl, pH 8.0/1.5 mM spermine. The nuclei were lysed at 60°C in 10 mM 3-cyclohexylamino-1,1-propanesulfonate (P-L Biochemicals)/200 mM EDTA, pH 10.4/1% Sarkosyl (NL97, Geigy) (10, 26) . The resulting DNA suspension was dialyzed against 10 Table 2 . 3H-labeled, alkali-denatured (80% sensitive to S1 nuclease) Escherichia coli DNA (New England Nuclear, 5.4 mCi/mg) and 14C-labeled, native (<0.1% sensitive to S1 nuclease) E. coli DNA (New England Nuclear, 0.011 mCi/mg) were included in each reaction mixture as positive and negative controls for nuclease specificity. Acidinsoluble radioactivity was measured as described (31) . In DNA isolated at later stages of embryogenesis, a few branched structures that might be interpreted as replication forks were observed (Table 1) . These structures were, however, unconvincing (i.e., extremely small and lacking the appropriate single-stranded regions in trans). Moreover, these structures were still too few in number, by at least an order of magnitude, to permit replication of the complete genome during the limited time available. We thus conclude that replication forks are underrepresented in chromosomal DNA isolated from X. laevis embryos.
RESULTS
Extensive Regions of ss DNA. Chromosomal DNA isolated from embryos at all three stages studied exhibited an unexpectedly large percentage of DNA that appeared to be single-stranded ( Fig. 1 be entirely single-stranded were frequently seen in chromosomal DNA isolated from gastrulae. Extensive regions of DNA in which the duplex appeared to have been stably denatured (see fig. 2 in ref. 19) were also frequently seen in chromosomal DNA isolated from both gastrulae and hatched embryos.
Chromosomal DNA isolated from blastulae usually exhibited alternating short regions of ss and ds DNA. At later stages of embryogenesis, longer internal regions of ss DNA flanked by duplex DNA were observed, as well as extensive terminal regions of ss DNA. Quantitation by electron microscopy (with double-stranded ColEl and single-stranded fd 106 DNA included in the spreading mixture as internal standards for the morphology of ds and ss DNA, respectively) showed that 40% of the DNA isolated from blastulae, 6% of the DNA isolated from gastrulae, and 3% of the DNA isolated from hatched embryos exhibited the morphology of ss DNA (Table 1) . Repeated extraction of the DNA with phenol, treatment with proteinase K, or digestion with RNase A did not change the percentage of ss DNA observed (except for a decrease in the number of stably denatured regions after repeated phenol extraction).
Nuclease Sensitivity of Chromosomal DNA. Radioactively tBased on 104 kb of DNA photographed and digitized. tCollins (31) has similarly observed that N. crassa endonuclease digests two-fold more DNA isolated from HeLa cells in S phase than does S1 nuclease. The reason for this is not understood. labeled chromosomal DNA was isolated from X. laevis blastulae, and aliquots were digested with one of three different single-strand-specific nucleases. Digestion conditions were standardized so that 80% of the 3H-labeled single-stranded control DNA and <0.1% of the 14C-labeled native DNA were digested in the same reaction mixture. Digestion with S1 nuclease converted 30% of the input precipitable label into acid-soluble radioactivity (Table 2) . N. crassa nuclease liberated 69% of the input precipitable radioactivity, and mung bean nuclease liberated 37% of the input precipitable radioactivity (Table 2) . These values were in general agreement with the amount of ss DNA quantitated by electron microscopy. In contrast, RNase A did not release acid-soluble radioactivity from the labeled chromosomal DNA isolated from blastulae.
Control Experiments Using Mixtures of Nuclei Isolated from Drosophilda and X. Laevis Embryos. Nuclei were isolated from Drosophila preblastoderm embryos using the procedure in ref. 10 . Chromosomal DNA was extracted (33) either before or after mixing with nuclei isolated from X. laevis stage 8/9 embryos (33); the DNA was examined by electron microscopy (33) . The frequency of replication forks was -200/104 kb in the DNA isolated from Drosophila nuclei alone, _100/104 kb in the DNA isolated from the Drosophila and X. laevis mixed nuclei, and 0/104 kb in the DNA isolated from the X. laevis nuclei alone. 3H-labeled (34) chromosomal DNA from Drosophila preblastoderm embryos and 32P-labeled chromosomal DNA from X. laevis stage 7 blastulae were isolated and digested in the same test tube with nuclease S1. Reaction conditions were as in the legend to (40) and from mammalian cells grown in tissue culture (41) (42) (43) .
Many investigators have dismissed these single-stranded regions as artifacts of the DNA isolation technique used or as structures unrelated to DNA replication (18) (19) (20) (21) . These single-stranded regions, however, were found preferentially in chromosomal DNA isolated from eukaryotic cells that have entered S phase (44) (45) (46) (47) (48) . Furthermore, the ss DNA has been shown to be largely of parental origin (31, 45, 46) and often as long as 70 kb (42). This minimizes the possibility that the ss DNA was generated entirely by shear forces.
In X. laevis embryos, it is also extremely unlikely that the extensive single-stranded regions were generated by nuclease activity (49) (50) (51) (52) . ss DNA either incubated in extracts of eggs or microinjected into fertilized and unfertilized eggs is remarkably stable under a wide variety of conditions. DNA polymerase-primase activity on single-stranded templates can be detected even in crude extracts of X. laevis eggs (49) (50) (51) .
It is difficult to establish conclusively whether the chromosomal DNA within the embryo is genuinely single-stranded or simply destabilized. If synthesis occurs discontinuously on both strands, one might expect the short nascent, "Okazaki"-type fragments to be somewhat destabilized (but see the psoralen control experiments in Materials and Methods). Preliminary experiments with bromoacetaldehyde (53), however, suggest that a substantial fraction of DNA in X. laevis embryos reacts as if it were single-stranded in vivo (P. Hines and E. Hoehn-Saric, personal communication). In any event, the loss of small destabilized fragments is not sufficient to explain the underrepresentation of replication forks or the presence of the extensive single-stranded regions.
The observations presented above are difficult to reconcile with current models of eukaryotic DNA replication, that require replication forks. These models explicitly predict that replicating DNA should contain double-stranded replication eyes and, furthermore, that DNA isolated from embryos in early stages of development should exhibit more of these structures than DNA from later stages. In addition, these models do not readily explain the extensive amounts of single-stranded and stably denatured DNA we and others have observed. Strand-Separation Hypothesis. To interpret our observations, we suggest an alternative hypothesis for chromosomal DNA replication in X. laevis embryos. It is based on the underrepresentation of replication forks, on the extensive single-stranded regions specific to S phase, and on the following additional observations.(l) Leading-strand synthesis has not been detected in either chromosomal DNA from X. laevis embryos (unpublished observation) or DNA templates microinjected into X. laevis eggs (unpublished observation). This is in agreement with experiments in other higher eukaryotic organisms that support a mechanism of discontinuous synthesis of both strands of chromosomal DNA (40, (54) (55) (56) (57) (58) (49, 62, 63) .
The strand-separation hypothesis is diagrammed in Fig. 2 . We postulate that replication begins with rapid strand destabilization and strand separation throughout an entire chromosomal DNA domain. This step is uncoupled from strand synthesis. Although the possibility of strand synthesis uncoupled from strand unwinding has been proposed previously (18) , it was in the context of processive replication fork movement. Strand separation could begin at specific sites such as the putative anchorage sites (64, 65 short regions of ss and ds DNA observed. By gastrulation, however-, there is less than one polymerase a1 molecule per chromosomal domain. The duration of S phase necessarily increases again. The strand-separation hypothesis predicts that the DNA within an entire domain will still separate in preparation for DNA synthesis. As the level of DNA polymerase a1 per domain decreases, however, more long regions of ss DNA should be observed, even though the percentage of the genome that is single-stranded decreases.
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